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Introduction
Starburst galaxies are strong X-ray sources, with the emission originating in the young stellar population that results from the vigorous ongoing star formation. Characteristically, this activity yields numerous dense Young Massive Clusters (YMCs; M tot ≥ 10 5 M ), which one might expect to significantly contribute to the global X-ray emission of their host galaxy. However the current generation of telescopes cannot spatially resolve YMCs in external galaxies and therefore it is difficult to determine the relative contributions to their X-ray output from diffuse (cluster winds & Supernovae (SNe) remnants) and point (stellar) sources (e.g. Oskinova 2005a ).
Partially based on observations obtained at the European Southern Observatory, Paranal and La Silla, Chile . Table 1 and Appendix A are only available in electronic form at http://www.aanda.org X-ray emission is associated with both high and low mass stars at many different evolutionary stages, but stellar X-ray production within YMCs is expected to be dominated by:
• T-Tauri and protostars, which demonstrate magnetic activity resulting in the production of high temperature X-ray emitting plasma, with fluxes reaching L X ∼ 10 31−32 erg s −1 during transient flares (e.g. Feigelson & Montmerle 1999; Favata et al. 2005 ).
• Single OB stars emitting at L x ∼ 10 −7 L bol (e.g. 10 31−33 erg s −1 ; Long & White 1980; Seward & Chlebowski 1982) via shocks embedded in their stellar winds (e.g. Lucy & White 1980) .
• Shocks between the colliding winds of OB+OB and OB+Wolf Rayet (WR) binaries (L x ∼ 10 32−35 erg s −1 ; e.g. Pollock 1987 ).
• The post-SN relativistic remnants of >8 M progenitors, via accretion in binary systems (L x ∼ 10 33−39 erg s −1 ) or, more rarely, via the decay of magnetic fields (Magnetars, where quiescent L x ∼ 10 33−36 erg s −1 ; e.g. Meregheti et al. 2004 ) or rotational energy (radio pulsars, where L x ∼ 10 29−36 erg s −1 ; e.g. Cheng et al. 2004) .
By virtue of their extreme masses, the rich co-eval stellar populations of YMCs make them important laboratories for the study of such X-ray bright objects. Indeed, by identifying both low mass pre-MS stars and high mass colliding wind binaries (CWBs) X-ray observations may inform studies of the Initial Mass Function (IMF) and binary fraction of such clusters, important parameters for constraining both the formation mechanism and long term evolution of YMCs.
Moreover, it is possible that the stellar densities present in such systems may facilitate the formation of "exotic" X-ray emitting objects that are absent from less extreme star forming environments. An obvious example would be the putative "Intermediate Mass" Black Holes (IMBHs; 10 2−4 M ), which, for example, Portegies propose can be produced via the runaway merger of cluster stars and which have been proposed as the central engines of Ultraluminous X-ray Sources (ULXs; L x ≥ 10 39 erg s −1 ).
Consequently, significant effort has been expended determining the X-ray properties of nearby stellar clusters within which individual stellar emitters may be identified. Examples include NGC3603 (Moffat et al. 2002) , and the Arches and Quintuplet clusters (Law & Yusef-Zadeh 2004; Rockefeller et al. 2005) . However, each of these clusters appears to be at least an order of magnitude smaller in mass than typical YMCs, and so it is not immediately clear that they form viable templates for such objects. Recently, optical observations of the Galactic cluster Westerlund 1 (Wd 1; Clark & Negueruela 2004; Clark et al. 2005) have suggested a mass of ∼10 5 M and consequently that it may be the first example of a YMC in our Galaxy.
At an age of 4−5 Myr (Crowther et al. 2006) , Wd 1 is intriguingly placed at an age between stellar winds and SNe being the dominant cluster wind driver and source of X-ray emission (Oskinova 2005a) . Moreover, the combination of age and large mass has resulted in a rich population of short lived transitional objects e.g. Luminous Blue Variables (LBVs), Red Supergiants (RSGs) and Yellow Hypergiants (YHGs), providing the first opportunity to quantify the X-ray properties of these stellar types, which has hitherto not been accomplished due to the rarity of such stars. Finally, we might expect ∼10 2 SNe to have already occurred in Wd 1 (Sect. 7.1), providing an opportunity to study the final post-SN products of a stellar population of known age, progenitor mass and metallicity.
This manuscript is the fourth in a series of papers describing the X-ray properties of Wd 1. Previous papers have described the detection of the Anomalous X-ray Pulsar (AXP) CXO J164710.2-455216 (Muno et al. 2006a ) -which Muno et al. (2007) subsequently demonstrated to be a magnetar -and the properties of the diffuse X-ray emission (Muno et al. 2006c) . In this paper we complete the analysis by describing the properties of the point sources and their optical and/or near-IR counterparts. An analysis of the X-ray data by Skinner et al. (2006) associates 12 of the point sources with WR cluster members and a thirteenth with the enigmatic emission line object W9. We extend this analysis to include the global properties of the X-ray point sources, while employing new spectroscopic and photometric datasets from optical-radio wavelengths to elucidate the nature of the emitters. • in 2005 June. The raw count image has been binned by a factor of 4 to enhance the contrast, and then was divided by the exposure map constructed for 2 keV photons. Point-like X-ray sources are indicated with circles and those with optical or IR counterparts by triangles (cf. Sect. 3, Tables 1 and 3 ). The square indicates the location of the 5 × 5 field shown in the lower panel. For an adopted distance of 5 kpc the upper and lower panels are on a side ∼44 pc and ∼7.3 pc respectively.
X-ray observations
Wd 1 (l = 339.5, b = −0.4) was observed with the Chandra X-ray Observatory Advanced CCD Spectrometer Spectroscopic array (ACIS-S; Weisskopf et al. 2002) We reduced these observations using standard tools that are part of CIAO version 3.2. First, we created a composite event list for each observation. We corrected the pulse heights of the events for position-dependent charge-transfer inefficiency and excluded events that did not pass the standard ACIS grade filters and Chandra X-ray Center (CXC) good-time filters. We searched for intervals during which the background rate flared to ≥3σ above the mean level, and removed one such interval lasting 3.6 ks from sequence 5411. The composite image of the full field we analysed is displayed in Fig. 1 , with a smoothed version of the central 5 × 5 region displayed in Fig. 2 .
We identified point-like X-ray sources in each observation using a wavelet-based algorithm, wavdetect (Freeman et al. 2002) . For each observation, we first searched in three energy bands using a series of three images. We used the following energy bands: 0.5−8.0 keV to utilize the full calibrated energy range of the ACIS-S, 0.5−2.0 keV to improve our sensitivity to foreground X-ray sources (photons in this energy range are smoothed X-ray image from the observations presented here (an analysis of the diffuse emission is presented in Muno et al. 2006c) . North is to the top and East to the right in both images.
absorbed by metals in the ISM), and 4−8 keV to provide sensitivity to highly-absorbed sources. We searched the three images for each energy band using sequences of wavelet scales that increased by a factor of √ 2: a central, un-binned image of 8.5 by 8.5 searched from scales 1−4, an image binned by a factor of two to cover 17 by 17 searched from scales 1−8, and an image binned by a factor of four to cover the entire field searched from scales 1−16. We used a sensitivity threshold that corresponded to a 10 −6 probability of detecting a spurious source per PSF element, so that we expect only one spurious source in our search of each image (Freeman et al. 2002) .
To register the astrometric frame of each observation, the locations of the point-like X-ray sources were compared to the catalogue from the Two Micron All-Sky Survey (2MASS). Based on this comparison, we were able to register the frames with an accuracy of 0.15 . In order to derive a complete list of X-ray sources, we combined the images from the two observations using the corrected astrometry, re-applied the above search algorithm, and combined the resulting source list with those derived by searching the individual observations. The complete list of candidate sources contained 241 objects. Of these there were 70 sources in the May 22 observation, 119 in the June 18 observation, and 25 in the union of the two samples. The remaining 77 faint sources were only found using the combined images.
In order to refine our estimates of the positions of each X-ray source we used the acis_extract routine from the Tools for X-ray Analysis (TARA) 1 to compute the mean position of the counts from each source, and to cross-correlate the image of each source with that of a model PSF for that location (based on the method adopted by Getman et al. 2005) . For sources within 5 of the aim point, we used the centroid of the counts received as the final position. For sources beyond 5 , we used the position derived by cross-correlating the PSF with the source photons.
We checked the positional accuracy by cross-correlating the X-ray sources with the catalogs in Sect. 3. Initially, we used 1 www.astro.psu.edu/xray/docs/TARA/ a search radius given by Eq. (5) in Hong et al. (2005) , which we added in quadrature to the 0.15 systematic uncertainty. We found that for offsets <5 from the ACIS aim point the X-ray position of counterparts to optical/IR sources agreed to within 0.5 in 90% of cases. We take this as our positional uncertainty for offsets <5 . It is generally an improvement over the uncertainties in the wavdetect positions reported by Hong et al. (2005) .
For larger offsets from the aim point, we found positional uncertainties consistent with Hong et al. (2005) .
Spatial distribution
The X-ray sources in Figs. 1 and 2 appear to be highlyconcentrated toward the core of Wd 1. We can estimate the number that are likely to be associated with the star cluster by comparing the number of X-ray sources in these images to the number in Chandra observations obtained by Ebisawa et al. (2001) of a region of the Galactic Plane at l = 28
• and b = 0.2
• that was selected to avoid known concentrations of X-ray emitting objects. Based on Monte Carlo simulations described in Muno et al. (2006a) , we estimate that we can detect 90% of sources with X-ray fluxes of 6 × 10 −7 ph cm −2 s −1 within 5 of the aim point in our observations of Wd 1. In the longer Galactic Plane observations of Ebisawa et al. (2001) , there are 0.17 sources arcmin −2 at this flux level. Therefore, we expect only 12 sources brighter than this completeness limit within 5 of the aim point of our observations to be un-associated with Wd 1. Instead, we find 66 sources in the region, for an average density of 1.7 sources arcmin −2 . Under the assumption that the excess X-ray sources are members of Wd1, we can estimate its size and centre from their distribution 2 . We assumed that the cluster profile had a Lorentzian shape (see, e.g., Nilakshi et al. 2002) , and modeled the distribution by maximising the likelihood that the data would Fig. 3 . The binned radial distribution of point sources brighter than our 90% completeness limit. We find the centroid to be at α, δ = 16 47 03.7, -45 51 00 (J2000). The solid line is the best-fit Lorentzian model of the unbinned distribution, which has a width of θ 0 = 0.3 ± 0.1 arcmin and a central surface density of ρ 0 = 35 +19 −13 sources arcmin −2 . The expected contribution from the Galactic Plane is indicated by the dashed line.
result from the assumed model. This technique is explained in Cash (1979) , and was implemented by minimising
Here, ρ 0 is the central surface density, ρ c is a term denoting the uniform density of foreground and background sources, θ 0 is the width of the spatial distribution, and
is the offset from the assumed center of the cluster, denoted by the free parameters α 0 , δ 0 . The probability must be normalised to 1 over θ i = [0, θ max ], which is accounted for by the term
We note that in order to implement this algorithm, we needed to divide the normalization ρ 0 out of Eq. (1), so that instead of using ρ c as a free parameter, we used the ratio ψ = ρ c /ρ 0 . To solve for ρ 0 , we minimized C with respect to the free parameters (θ 0 , α 0 , δ 0 , and ψ), and then solved for ρ 0 by setting the normalization K to be equal to the number of sources observed within θ max = 5 . The 90% uncertainties were calculated by noting that C is distributed as a χ 2 distribution with 1 degree of freedom. Therefore, we varied each parameter about their best-fit values, allowing the other parameters to be fit freely, until ∆C = 1. We then used the upper and lower bounds of the free parameters to compute bounds on K, and in turn on ρ 0 (Lyons 1991) .
The best-fit values yielded a constant background source density of ρ c < 0.02 sources arcmin −2 (a factor of 10 smaller than expected from Ebisawa et al. 2001 ), a full width half maximum of θ 0 = 0.3 ± 0.1 arcmin, a central density of ρ 0 = 35 +19 −13 sources arcmin −2 , and a centroid of α = 16 h 47 m 3.4 s (±6 ), δ = −45
• 51 16 (±12 ). The X-ray centroid is consistent with the centroid of optically-detected stars reported by Piatti et al.(1998) , and the width is consistent with the 25 core radius reported by Clark et al. (2005) and Piatti et al. (1998) . Using the observed radial distribution in Fig. 3 , we find that there is a significant excess of X-ray sources out to ≈2 from the cluster centre. This is significantly larger than the 1.2 outer radius reported by Piatti et al. (1998) , but consistent with the angular separation of outlying cluster members as determined by Clark et al. (2005) 3 . For a distance of 5 kpc, angular radii of 0.4 and 2 correspond to 0.6 pc and 3.0 pc, respectively; we note that both high and low mass cluster members have been detected at such radii (Clark et al. in prep.; Brandner et al. 2007 ).
Photometry
We extracted photometry, spectra, and light curves for each point source using acis_extract, CIAO version 3.2, and HEASOFT v. 5.2. For each source, we extracted source events from within the 90% contour of the point spread function (PSF). We estimated the background contribution near the sources using annular regions around each point source that excluded ≈92% of the photons from known point sources. The outer radius of each background annulus was chosen so that it contained 100 photons. Source and background spectra were produced from the event lists, and the effective area and response functions were calculated using standard CIAO tools.
We computed the net number of counts from each source using four energy bands: 0.5−2.0 keV, 2.0−3.3 keV, 3.3−4.7 keV, and 4.7−8.0 keV. These bands were chosen so that they sampled regions of the effective area function (also known as an ancillary response function, or ARF) with roughly constant areas. The net counts in each energy band were computed from the total counts in the source region minus the estimated local background. The uncertainties on the net counts were computed by summing the squares of the 1-σ upper limits from both the source and background counts (Gehrels 1986 ). We also computed 90% confidence intervals through a Bayesian analysis, with the simplifying assumption that the uncertainty on the background was negligible (Kraft et al. 1991) . If the 90% confidence interval on the net counts in a band was consistent with 0, we used the 90% upper limit as the uncertainty. For 18 candidate sources, the number of net counts derived in this manner for the full band (0.5−8.0 keV) was consistent with zero, so we removed these from our catalogue. The complete catalogue of 241 X-ray sources is presented online in Table 1 .
We computed approximate photon fluxes (in units of ph cm −2 s −1 ) for each source by dividing the net counts (using negative values when they occurred) in each sub-band by the total live time and the mean value of the ARF in that energy range. Note that this value incorporates variations in exposure due to chip gaps and dead columns. The sum of the photon fluxes over all of the bands (0.5−8.0 keV) are listed in Table 1 , and are used throughout the paper. Since the energy bands sampled the ARF for the ACIS-I detector well, these photon fluxes differed from those derived from later spectral fits using XSPEC (Sect. 2.4) by no more than the uncertainty expected from Poisson counting noise.
Variability
Variability would be expected from young stellar objects, CWBs, or compact objects accreting from the winds of massive stars. To search for long-term variability, we searched for sources for which the standard deviation of the two flux measurements was larger than 3 times the uncertainty in the difference. For those sources with few counts (∼10−20) identified as long term variables, this represents a significant detection in one observation but not the other. To search for short-term variability on the timescale of hours, we applied a Kolmogorov-Smirnov (KS) test to the un-binned arrival times of the events during each observation. If the cumulative distribution of the arrival times differed from a uniform distribution (which would imply a constant flux) with greater than 99.9% confidence in any observation, we considered the source to vary on short time-scales. In total we found that 35 out of 241 objects exhibited significant variability. In Table 1 , they they are identified as either long or short term variables, as appropriate.
As described in Muno et al. (2006a) , we searched for pulsars among sources with at least 50 net counts in either observation using the Rayleigh statistic (Z 2 1 ; Buccheri et al. 1983 ). There were 8 sources brighter than this count limit in the May observation, and 16 sources in the June observation. This lower limit on the count rate was chosen in order to detect a fully-modulated signal. The brightest source in the field, CXO J14710.2-455216, exhibited a coherent modulation with a period of 10.6 s and a root-mean-squared amplitude of 53%. None of the other sources exhibited significant signals over periods from 1.7 s to the length of the observation, with sources with between 100 and 500 net counts providing upper limits between ≈50 and 25% rms.
Spectral analysis
In order to obtain a better understanding of the nature of the X-ray sources, we examined the spectra of the 13 sources that produced at least 80 net counts, noting that in the following analysis the data were adaptively grouped to have >20 net counts per spectral bin. The three brightest stellar sources (WR A, W30a, and W9) exhibit line emission near 1.8 and 2.5 keV (Fig. 4) . These lines are near the expected energies of the Helike 2−1 transitions of Si XIII and S XV, which suggests that the X-ray emission is produced by thermal plasma. Therefore, we modeled all the spectra as plasma absorbed by interstellar gas and dust using the XSPEC version 11.3.1 models "phabs" and "mekal" (Arnaud et al. 1996) . We assumed initially that the plasma was in collisional-ionization equilibrium (Mewe et al. 1985 (Mewe et al. , 1986 Liedahl et al. 1995) , and that the metals had solar abundances. This model adequately reproduced the spectra of many of the fainter sources. However, for the brighter sources, we found that residuals were present near the positions of the line emission. In three cases (W30a, the magnetar and a foreground source, CXO J164656.1 − 455314), these residuals could be removed by allowing the metal abundances to have sub-solar values.
However, in four sources (most prominently the sgB[e] W9 and the broad lined WR star, WR A) we found that the energies of the observed lines near 1.8 and 2.5 keV were ≈20 eV lower than expected from Si XIII and S XV, and that the lines were unusually strong compared to the continuum. We therefore relaxed the assumption that the plasma was in collisional equilibrium (Borkowski et al. 2001) , and found that the resulting model ("nei") adequately reproduced the data (following the analyis of WR140 by Pollock et al. 2005) . The model parameters in the most complicated case were the column of interstellar gas and dust (N H ), the electron temperature of the plasma (kT ), the metal abundance of the plasma (Z), the characteristic time scale for ionisation in the plasma (n e t), and the normalisation of the plasma emission, which is proportional to the emission measure, n e n H dV. The best-fit values for all 13 sources are presented in Table 2 . Seven of these sources were found to be Fig. 4 . Spectra of three of the four brightest X-ray sources (the brightest, the magnetar CXO J14710.2-455216, is displayed in Muno et al. 2006a) . Note that W72 = WR A. The top panels display the spectra in detector counts as a function of energy, and therefore the intrinsic shapes of the source spectra are convolved with the detector response. The bottom panels contain the difference between the data and the bestfit plasma model, divided by the Poisson uncertainty on the data points. Prominent line emission is evident at 1.8 and 2.5 keV in each spectrum. Model parameters are listed in Table 2. associated with massive stars within Wd 1 (Sect. 3), while of the other six, one is the magnetar, and the remaining five are likely foreground sources unconnected with Wd 1.
Our qualitative results agree with those of Skinner et al. (2006) . Most of the emission is detected above 1 keV, which is not surprising given the high absorption to the cluster. The emission, with kT ≈ 2 keV, is generally hotter than expected for isolated O/WR stars (∼0.5 keV). However, the fluxes derived from our modeling are systematically lower than those derived by Skinner et al. (2006) . We speculate that this is due to their model fits employing a lower temperature thermal plasma (kT = 1 keV) and a higher value of N H (=3 × 10 22 cm −2 ) than we find for our models, such that they assume a greater contribution from obscured, low energy emission than we do. We note that when fitting the spectrum of the magnetar with a thermal plasma, the lack of line emission (low inferred metal abundances) makes it distinctly different from the stellar sources. The spectrum is best described by an optically thick blackbody (Muno et al. 2006a ). This suggests that in X-ray observations of other star clusters, pulsars can be selected by searching for sources that lack X-ray line emission and have no optical/IR counterparts.
Finally, we computed an X-ray colour for all sources, defined as the fractional difference between the count rates in two energy bands, (h − s)/(h + s), where s is the number of counts in the 0.5−2.0 keV energy band, and h is the number of counts in the 2.0−8.0 keV band. The resulting ratio is bounded by −1 and +1. The hardness ratios are listed in Tables 1 and 3 , with uncertainties calculated according to Eq. (1.31) in Lyons (1991; p. 26 ). In Fig. 5 , we display the photon flux and hardness of each source. Using the Portable Multi-Mission Simulator (PIMMS) 4 and XSPEC, we simulated the colours and fluxes produced by a thermal plasma spectrum absorbed by a column equivalent to 2 × 10 22 cm −2 of H (appropiate for the extinction to the cluster), for a range of temperatures and intrinsic luminosities (0.5−8.0 keV, assuming D = 5 kpc). The resulting grid is overplotted in Fig. 5. 
Multiwavelength correlation and spectral classification
We have employed data from a number of other surveys to constrain the multiwavelength properties of the X-ray point source population of Wd 1. Optical data used here includes the material published in Clark et al. (2005) and 
Optical and near-IR cross correlation
To determine the optical/near-IR counterparts of the X-ray sources associated with Wd 1 we have relied primarily on the deepest optical and near-IR photometric datasets available to us which cover a significant proportion of the cluster Brandner et al. 2007 ). Fortuitously, both are complementary to one another. The optical data are sensitive down to V ∼ 20 mag, which we expect to correspond to ∼O7-8V stars (∼35 M ; Crowther 2003) and the near-IR data saturates for objects brighter than Ks ∼ 9−10, with ∼O7-8V stars expected to have magnitudes Ks ∼ 10−11. Thus the optical data are expected to sample the massive evolved component of Wd 1, while the near IR data sample the Main Sequence, potentially down to ∼solar mass stars 6 The advantage of this approach is that we are utilising well-defined datasets for which the effects of, for example, incompleteness as a result of the crowding in the near-IR data, are well understood. Moreover, the multiwavelength nature of the data, when combined with the spectroscopic information available for a large number of stars, makes both the discrimination of cluster members and their subsequent spectral classification possible. However, the clear disadvantage is that we are limited to the relatively small fields surveyed (e.g. ∼4.5 × 4.5 for the SofI field). With a total of 113 X-ray sources within this region, a number of bona fide cluster sources are likely to excluded from this analysis (cf. Sect. 2.1) Table 3 . Summary of the X-ray and optical properties of the X-ray point sources with high mass stellar counterparts. Columns 1−3 summarise the X-ray nomenclature, photon counts and Hardness Ratio, noting that only 164706.2-455048 was found to be variable in these observations; we highlight this by presenting the photon count in italics. Column 4 is the number of the source on the finding chart (Fig. 6) ; we strongly advise that these numbers should not form the basis for a new naming convention. Column 5 contains the optical designation (sources with 2MASS or Piatti et al. (1998) designations are indicated), with Cols. 6−9 presenting relevant broadband BVRI photometry. The current spectral classifications for the counterparts are given in Col. 10, noting that for those sources for which no entry is given but for which photometric data are available, we predict a spectral classification earlier than B0.5Ia (Sect. A.3). Finally, in Col. 11 we flag those stars which Bonanos (2007) Tables 1 and 3 ; the error in the hardness colour as a function of photon flux is also shown in the subpanel. Symbols are coded on the basis of their optical/near-IR counterparts: violet squares -WRs, green triangles -transitional stars, blue circles -OB supergiants and red diamonds -sources without counterparts (assumed to low mass pre-MS stars). For this final subset of sources the (empty) filled symbols represent (non) variable emission. The grid of dashed lines illustrate the fluxes and colours expected for a thermal plasma with the temperatures and luminosities indicated, absorbed by N H = 2 × 10 22 cm −2 at an assumed distance of 5 kpc.
Since the stellar source list derived from Clark et al. (2005) is known to be incomplete due to the effects of blending, stars falling in the gap between the twin CCDs, and the detection of faint stars in only a subset of wavebands, we supplemented the stellar source list with the photometric datasets of Piatti et al. (1998) , the USNO-B1.0 survey (Monet et al. 2003 ) and the 2MASS catalogue (Cutri et al. 2003 ; noting that our near-IR dataset is significantly deeper). Finally, we also included those stars for which no photometric data were available, but spectroscopic data suggested were bona fide cluster members such as the optically faint WR population.
Initially, we attempted an automated cross correlation between the positions of all the X-ray sources given in Table 1 and our combined stellar source list, employing a search radius of 0.5 7 . Where available, photometric data were used to exclude foreground objects, notably four stars with USNO-B1.0 B-band detections. Subsequently, we relaxed the search radius to 1 and again utilised photometry to exclude interlopers, yielding an additional 6 potential candidates. The complete source list was then examined by eye in the deep R-band image presented in Fig. 6 to check for possible source confusion. A final total of 53 candidate cluster members are found to be associated with X-ray point sources, given in Table 3 . We note that by randomly shifting the locations of the X-ray sources, we established with 90% confidence that at most four of these matches are spurious.
Of the final counterpart list, seven stars with X-ray emission lack both spectroscopic and photometric confirmation of cluster membership (the latter due to blending). These have been retained in order to exclude them from consideration as potential low mass stars (see below), but are not considered further in any subsequent analysis. An additional four stars were identified as cluster candidates via 2MASS or Piatti et al. (1998) colours and magnitudes. These are identified in Table 3 . X-ray emission was also associated with seven hitherto anonymous cluster members for which additional data are available. We have designated these as C07-X1 through C07-X7 in Table 3 . Finally, where possible, we utilised our combined spectroscopic and photometric datasets to provide spectral classifications for the optical counterparts to the X-ray sources. This procedure is described in detail in Appendix A and the results presented in Table 3 .
After this analysis, 60 X-ray point sources are left lacking optical, and hence high mass post-Main Sequence, counterparts. We might expect 5 of these to be interlopers based on the results of Ebisawa et al. (2001; Sect. 2.1) . In order to determine the nature of these 60 sources, an identical cross correlation with the near-IR dataset (Brandner et al. 2007 ) was performed. We find that only 10 of these X-ray sources are within 0.5 arcsec of an IR source. Monte Carlo simulations of randomly positioned X-ray sources or IR sources find that chance associations between the sources account for an average of 3.3 of these associations 8 . Therefore, we conclude that only ∼7 of the 60 X-ray sources are associated with an IR source and that there is no statistically significant association between the vast majority of X-ray sources that lack optical counterparts and the IR sources. Thus we may associate the X-ray sources with no IR counterpart with a (stellar) population with apparent Ks band magnitudes ≥16. All we may conclude regarding the ∼7 sources with IR counterparts is that they have Ks magnitudes in the range ∼9−16.
Photometric variables
Of the 53 X-ray bright high mass cluster members, 24 are identified by Bonanos et al. (2007) as variable (Table 3 ). These are broken down into 4 eclipsing systems, 3 periodic and 17 aperiodic variables. Based on the results presented in Appendix A, of the 4 eclipsing systems we may refine the classification of W13 to early B hypergiant and photometrically classify W17 as earlier than B0 Ia. While periodic variability might be attributed to stellar pulsations, of the 3 systems exhibiting this behaviour Crowther et al. (2006) identify the spectroscopic signature of an OB companion to WR A, while the optical spectrum of W6 is also suggestive of a short period interacting binary (Appendix A), as are the X-ray properties of W53 (Sect. 4.3). Therefore, we prefer an explanantion of either ellipsiodal modulation and or wind perturbation via binary interaction for the variability in these sytems. The remaining aperiodic variables comprise WRs, OB SGs and the sgB[e] star W9; it appears likely that more than one physical mechanism causes the variability.
The high mass stellar sources
The Chandra X-ray observations of Wd 1 reveal a rich population of X-ray point sources of assumed stellar origin. Given that at an age of ∼4−5 Myr a number of physical mechanisms could lead to this emission, we have coded the flux/hardness ratio plot for sources within the central 5 × 5 field (Fig. 5) with the spectral classification of their optical counterparts in order to determine the nature of the emission. Furthermore, we identify those sources for which no optical or IR counterparts are found, delineating the subset of these that show variability. Note that only one source with an optical counterpart is found to be variable -the O SG binary W17 (Sect. 4.3).
Sources are segregated in Fig. 5 on the basis of the optical counterparts, or lack thereof. With the exception of the faint, variable source associated with WR E, the WR stars are associated with hard (hardness colour > ∼ −0.1), relatively bright sources (photon flux > ∼ 10 −6 cm −2 s −1 ). The two transitional stars detected also have similar X-ray properties. The OB SGs appear to be significantly softer and/or fainter, with the notable exception of W30a (see Sect. 4.3). We assume that those sources lacking counterparts are low mass (<1.5 M ; Sect. 5) pre-MS stars (Sect. 5). The majority of these are found to be uniformly faint (photon flux < ∼ 10 −6 cm −2 s −1 ) and hard (hardness colour > ∼ −0.3). A subset of OB SGs and WRs are found within the periphery of this region. It is unclear if the emission from these object is intrinsic to the massive star or is the result of an unseen low mass companion.
Globally, we find the X-ray point sources within Wd 1 to be systematically fainter than those of the massive cluster NGC 3603 (Moffat et al. 2002) and the Carina (Albacete Colombo et al. 2003 ) and 30 Doradus (Townsley et al. 2006a ) star forming regions. While all four regions host early-type stars with a wide range of intrinsic X-ray luminosities (∼two orders of magnitude), Wd 1 lacks stellar sources with luminosities significantly in excess of 10 33 erg s −1 , while the other three younger stellar systems all contain sources of between 10 34 −10 35 erg s −1 . This finding is consistent with the prediction of Oskinova (2005a) for a rapidly diminishing contribution from stellar point sources with age as the high mass objects with powerful winds are lost to SNe, and the emission from low mass stars decreases with magnetic activity (Sect. 5).
The Wolf Rayets
We find 12 of the 24 WR stars within Wd 1 to be X-ray sources, while Skinner et al. (2006) associate emission with 13. There are 11 sources in common between the two studies. Skinner et al. include W9 within their sample, which we formally classify as a sgB[e] star (albeit a likely binary Sect. 4.2.1), while we find the association of X-ray emission to be in error for the WC star WR K 9 . We identify emission from the newly discovered WN6o star WR U 10 , which is a bright, non variable source with a hard spectrum (kT = 2.6 keV; Table 2 ).
We find that the distribution of the spectral subtypes of X-ray bright WRs is formally consistent with being drawn from the parent population, although we highlight that neither of the two WN8 stars were detected with the wavdetect algorithm employed for source selection (Sect. 2), mirroring previous non detections of such stars in X-rays (Oskinova 2005a) . To the best of our knowledge WRs F and N represent the first X-ray detections of WC9d stars.
Based on the high temperatures implied by the spectral fits, Skinner et al. (2006) propose that a significant number of the WN stars are likely to be (colliding-wind) binaries. Moreover, Oskinova et al. (2003) demonstrate that no single WC star is known to be an X-ray source. Thus the X-ray detections of WR E, F and N indicate that they are likely binaries. The presence of hot dust, resulting in excess IR emission, is thought to be another indicator of binarity for WC stars, with Williams et al. (2005) proposing that the high densities that characterise the wind-interaction regions of CWBs are required for dust condensation. Analysis of the spectral energy distributions of the WCs (Crowther et al. 2006) shows that with the exceptions of WR E and K, all have excess near to mid-IR emission and are therefore strong binary candidates even in the absence of X-ray emission from all but WR N & F. Finally, the ∼flat (α ∼ 0 for S ν ∝ ν −α ) radio spectra of WR A, B and V imply contributions from both thermal+non thermal emission mechanisms as expected for CWB systems (Dougherty et al. 2007 ). Such a result is of particular interest for WR V as to date it shows no other indication of binarity.
Including the WN10-11h/BIa + star WR S, of the 16 WN stars, 9 are observed to be hard X-ray sources, while WR V demonstrates a composite radio spectrum. This implies a binary fraction of > ∼ 63% for WN stars although only 9 The position of the X-ray source attributed by Skinner et al. (2006) is found to be ∼2.3 to the West of the position of WR K in Crowther et al. (2006) . 10 Note that WRs #1 & #3 of Groh et al. (2006) are our WR U & W respectively. WR A & B show unambiguous signatures of binarity (spectroscopic and photometric, respectively). Of the 8 WC stars, 6 are found to have an IR excess, while the apparently dust free star WR E is an X-ray source, suggesting a binary fraction of > ∼ 88%. Thus we find a lower limit to the total WR binary fraction of 70% 11 However, since some WC binaries are episodic dust makers (e.g. see Williams et al. 2005) we suspect that long-term near-IR monitoring -combined with a long term radial velocity survey -will reveal that the WR binary fraction probably approaches unity.
The transitional stars
The age and mass of Wd 1 results in a uniquely rich population of hot and cool transitional stars, and as such these observations represent the first systematic survey of the X-ray properties of many of these rare spectral types. The detected stars have already 11 Of the 17 WR binary candidates, 11 are found to be photometrically variable by Bonanos (2007) , whereas only one of the 7 apparently single WRs is found to be. We therefore speculate that the causes of the periodic and aperiodic variability in the WRs is related to binarity, possibly due to elipsoidal modulation and/or wind perturbation.
been summarised in Table 3; Upper limits 12 for the remaining transitional stars are given in Table 4 .
The sgB[e] star W9
The high X-ray luminosity of W9 and the similar spectrum to WR A suggests that it too is a binary. However, unlike WR A, there is no unambiguous corroboration for a CWB identification in either the optical or radio data (Dougherty et al. 2007 ). An alternative explanation for the X-ray emission is accretion onto a compact companion. Two high mass X-ray binaries (HMXBs) contain sgB[e] primaries; XTE 0421+560/CI Cam and IGR J16318-4848 (e.g. Clark et al. 1999; Filliatre & Chaty 2004) , both of which also demonstrate rich emission line spectra. Additionally, while not formally classified as a sgB[e] star, the spectrum of the HMXB SS433 also shows line emission of comparable strength to W9, along with an IR excess attributable to hot dust (e.g. Clark et al. 2007 ). In such a scenario the low luminosity and lack of variability evidenced by W9 might be explained by the observations coinciding with the long periods of X-ray quiescence between short lived outbursts exhibited by both CI Cam and IGR J16318-4848. Indeed the quiescent luminosity reported for CI Cam (L 1−10 keV ∼ 10 33 erg s −1 ; Boirin et al. 2002) is directly comparable to that of W9.
However, a serious objection to such an hypothesis is the comparative lack of local extinction to the X-ray emitter within W9. Both HMXBs with a sgB[e] primary demonstrate N H ≥ 10 24 cm −2 (e.g. Filliatre & Chaty 2004) , which is attributed to the accretor being deeply embedded within the circumstellar envelope of the mass donor. Given the presence of circumstellar ejecta, and a dense outflow inferred from radio observations (Ṁ ∼ 10 −4 M yr −1 : Dougherty et al. 2007 ) it is difficult to reconcile the presence of an accretor with the low intrinsic absorption (N H ∼ 10 22 cm −2 ) unless it is in a wide orbit. However, the lack of local extintion also proves similarly problematic for a CWB identification.
Finally we note that either binary hypothesis could accommodate the high velocity outflow inferred from the optical He i profiles (Sect. A.2), which might arise from the system primary in both scenarios (cf. η Car), an evolved, possible WR companion (CWB) or from an accretion driven outflow (cf. SS433; e.g. Clark et al. 2007 ). We suspect that as with η Car, a combination of high spatial resolution spectroscopy and long term monitoring will be required to establish the viability of W9 as a binary, and the nature of its putative components.
The B hypergiants and the LBV W243
As with W9, the emission from the BIa + star W13 appears too hard to be attributed to a single star and the discovery of photometric eclipses by Bonanos (2007) provides compelling evidence for its identification as a CWB. None of the cooler B hypergiants (W7, 33 & 42) are found to be X-ray sources, while the LBV W243 is only a weak detection. Oskinova (2005a,b) and Muno et al. (2006b) provide useful summaries of existing X-ray observations of LBVs, showing emission to vary over ∼three orders of magnitude from 10 34−35 erg s −1 (the binaries η Car and HD 5980) to <10 32 erg s −1
(P Cygni, the Pistol Star and FMM362). While LBVs are thought 12 These were obtained by searching for additional X-ray sources at the optical co-ordinates of these stars utilising the aperture photometry technique described in Sect. 2.2. For the majority of stars this resulted in upper limits to the X-ray flux, although a few sources were detected at the ∼90% confidence level.
to have highly structured radiatively driven winds (Davies et al. 2005) , it is likely that the relatively low terminal velocities observed in cool states (≤200 km s −1 ; BIa + ) are not high enough to generate X-ray emitting material via wind shocks in single stars, although wind velocities in the hot state (≤500 km s −1 ; very late WN subtype) might suffice (Pittard & Corcoran 2002) 13 . Moreover, due to their high densities, the winds of LBVs are likely to efficiently absorb any low energy X-ray emission generated via shocks. As an extreme example, Pittard et al. (1998) show that the column depth of the wind from η Car can reach N H ∼ 10 23 cm −2 during X-ray eclipse. Thus even if a luminous companion is present, an LBV (or B hypergiant) CWB may be an intrinsically faint X-ray source. Consequently we suggest that the apparent lack of X-ray emission from the hot transitional stars within Wd 1 is due to a combination of their current wind properties (low velocity, high density) and/or the lack of a binary companion, and that outside of the hot state, X-ray emission from such stars will likely signify binarity. Achmad et al. (1997) investigated the wind properties of luminous A-G stars and found that for A SGs (T eff ∼ 9500−8000 K) the observations were well matched by radiatively driven outflows. However, the wind velocities are probably too small to yield significant X-ray emission from shock heating, explaining our non detections of W12 & 16. Unfortunately, "quiescent" wind parameters for F & G super-/hypergiants are poorly constrained, although it appears likely that despite their apparently highly structured outflows (e.g. Lobel et al. 2003) , wind velocities are again likely to be insufficient to generate X-ray emitting plasma from shock heating.
The A-M super/hypergiants
An alternative source of X-ray emission might be a putative high temperature chromosphere/corona. A subset of G supergiants have long been known to be X-ray sources, with solarlike far UV spectra dominated by high excitation species indicating the presence of a high temperature chromosphere , and references therein). However, compared to these "active" supergiants, a second subset of "inactive" stars show UV spectra dominated by much lower excitation species and blueshifted absorption components in the chromospheric resonance lines suggestive of the presence of a cool dense wind. High excitation lines are present in their far-UV spectra, although significantly weaker than in the "active" stars. Hartmann et al. (1980) denoted these objects as "hybrid chromospheric stars" due to the apparent coexistence of both high and low temperature regions within their circumstellar environments. Subsequent X-ray observations also revealed emission from such "hybrid"' stars, although at a lower level than "active" stars of similar spectral type (L x /L bol ∼ 10 −8 and 10
respectively; Ayres et al. 2005) . The difference is attributed to absorption of the X-rays by the dense cool winds of the 'hybrid' stars, which the "active" stars lack (Ayres 2005) . However, the ∼G0Ib stars observed by Ayres et al. have evolved from substantially less massive stars (∼5−9 M ) than the Wd 1 YHGs, and thus it is not clear whether the latter should possess chromospheres. Observations of ρ Cas are inconclusive but suggest that a permanent chromosphere is likely absent 13 The post shock temperature is given by T = (3/16)(m/k)v 2 , where k is the Boltzmann constant, v the wind velocity, and m is the average particle mass. For a fully ionised plasma with solar abundances, and adopting m = 10 −24 g, kT = 0.05 keV for v = 200 km s −1 and 0.3 keV for 500 km s −1 . (Lobel et al. 2003) . Given the sensitivity of our observations, if the Wd 1 YHGs were as X-ray bright as the "active" G supergiants observed by Ayres et al. (2005) they would have been detected 14 . Hence the lack of emission in W4, 32 and 265 suggests either the absence of a chromosphere/corona of sufficient temperature to generate X-rays and/or the presence of a dense cool wind that attenuates any emission. Such a dense outflow is suggested by the detection of radio emission associated with each YHG (Dougherty et al. 2007 ). Clearly, the confirmation of emission associated with W8 is of considerable interest in resolving whether YHGs can support high temperature chromospheres and hence coronal X-ray emission. Interestingly, W8 has no radio detection from a putative externally ionised wind.
Finally we turn to the M type SGs within Wd 1. Such stars are known to possess a chromosphere (e.g. α Ori; Hartmann et al. 1984) , although of such low temperature (Lobel & Dupree 2000; Dupree et al. 2005 ) that X-ray emission would be unexpected. In any event, the dense cool winds expected for such stars (e.g. Crowther 2003) would totally veil any putative X-ray emission from a chromosphere and hence the lack of X-ray detections for the RSGs within Wd 1 is unsurprising. locus in Fig. 5 , with a hardness colour of ∼−0.5, appropiate for the canonical 0.6 keV expected for shock-heated material within O star winds (Feldmeier et al. 1997) . Unfortunately, the 90% completeness limit for a 0.6 keV emitter is 2 × 10 32 erg s −1 (assuming D = 5 kpc and N H = 2 × 10 22 cm −2 ), hence we are likely incomplete for emission for single OB supergiant stars. Given the lack of a complete census of OB SGs (cf. Negueruela et al. in prep.) and the potentially significant scatter in the X-ray luminosities of stars of a given bolometric luminosity (cf. NGC 3603; Moffat et al. 2002) , we are currently unable to quantify the degree of incompleteness or the global X-ray properties of the population of OB supergiants detected here 15 . Moreover, due to the low count rates, uncertainties on the hardness ratio are large for photon fluxes <10 −6 cm −2 s −1 . Nevertheless, for those sources with photon fluxes below this value we find that the majority of OB SG detections have a hardness ratio within 1σ of ∼−0.5, consistent with emission from single stars. However, a handful of these sources appear significantly harder. While these most likely represent statistical outliers, if their hard X-ray spectra are confirmed they may signify either the presence of low mass pre-MS companions or that they are CWBs for which a low temperature X-ray component is absent due to the significant interstellar extinction.
The OB supergiants
14 Assuming log(L bol /L ) ∼ 5.7 for the YHGs, and L x /L bol ∼ 10 −6 yields L x ∼ 2 × 10 33 erg s −1 . For a 10 7 K thermal plasma -as found for β Dra by Ayres et al. (2005) -and D = 5 kpc and N H = 2×10 22 cm −2 , we may derive a detection limit of ∼5 × 10 31 erg s −1 for our current observations. 15 At an age of 4−5 Myr one would not expect Main Sequence stars earlier than ∼O7 V to be present in Wd1. Assuming log L/L ∼ 5.17 for such stars (Crowther 2003) implies, via L x ∼ 10 −7 L bol , a corresponding X-ray flux of ∼6 × 10 31 erg s −1 ; consequently we do not expect to detect the OB Main Sequence population of Wd 1 in our current observations. Only eight OB SGs have photon fluxes in excess of 10 −6 cm −2 s −1 . Four of these (W24, 30a, 47 and X-1) appear to have spectra significantly harder ( > ∼ 1.4 keV) than 0.6 keV, while the luminosities of four of them (W27, 30a, 36 and 53) are at least an order of magnitude larger than expected from a single star. Hence we believe all to be strong binary candidates, noting that Oskinova (2005a) argues that CWBs need not always be hard sources if their emission is dominated by the intrinsic flux of both component stars, rather than the wind collision zone.
Of these objects, optical spectroscopy reveals W30a to be an interacting binary (Sect. A.3), while Bonanos (2007) finds W36 to be an eclipsing binary and W53 to be a periodic (1.3 day) photometric variable, for which it is tempting to attribute the behaviour to ellipsoidal modulation in a close binary. Moreover, both W24, and 27 have bolometric luminosities significantly in excess of that expected for single cluster SGs (with low S/N spectra of W27 hinting at binarity; Sect. A.3).
However, a number of stars for which optical spectroscopic (W6, 10, 31, 34 and 238; Sect. A.3 and Negueruela et al. in prep.), photometric (W52; Bonanos et al. 2007) or radio (W16b and W17; Dougherty et al. 2007 ) observations indicate (possible) binarity have X-ray properties consistent with emission from single stars, or lack detections. This could result from their winds not reaching terminal velocity, leading to systematically weaker shocks and/or the colliding wind region being deeply embedded in the X-ray photospheres of the stars, resulting in detectable hard X-ray emission only along preferred lines of sight.
Conversely, the limited temporal resolution of our current observations limits our ability to detect putative binaries spectroscopically, while a binary composed of a supergiant+MS star, would likely escape photometric detection. Thus we suspect that stars with excessive hard X-ray emission such as W47 may be confirmed as binaries upon further investigation.
The fact that the WRs are harder and more luminous in X-rays than the OB SGs (Fig. 5) can be explained by a combination of binary and stellar evolution. The increase in mass-loss rates and wind velocity as the star evolves from mid-O MS→WR will lead to greater X-ray emission from a wind-collision region, while the mass loss and/or quasi-conservative mass transfer in a close binary will act to increase the orbital separation, reducing the effects of wind opacity.
Lastly, we comment on the distribution of the spectral types of the X-ray emitters, and the apparent lack of emission from stars later than ∼B0.5Ia. Utilising an exospheric approximation, Owocki & Cohen (1999) show that the X-ray emission naturally scales as a function of the wind-density parameter (Ṁ/v ∞ ), rather than the canonical L x /L bol relation. Given that one would naturally expectṀ/v ∞ to vary with spectral type, our observations support this assertion; assuming evolution at ∼const. L bol during the OB supergiant phase, one would not expect a dependance of the X-ray flux on spectral type -as we find -if emission solely scaled with L bol . While beyond the scope of this work, tailored non-LTE model atmosphere analysis of both the X-ray emitting and non-emitting members of Wd 1 should allow this hypothesis to be investigated.
Low mass pre-main sequence stars
The final stellar X-ray emitters to be considered within Wd 1 are the low mass, pre-MS stars, where magnetic reconnection events produce high temperature (T ∼ 10 MK) plasma, resulting in hard, variable X-ray emission with peak fluxes of ∼10 32 erg s
(see e.g. Feigelson & Montmerle 1999) . Clearly, the properties of the X-ray point sources without counterparts are consistent with these expectations, as is the fact that counterparts to this population must be fainter than Ks ∼ 16 mag. Conversion of this limit to a stellar mass requires accurate fitting of theoretical isochrones. Such an analysis is currently underway and will be presented in a future paper (Brandner et al. 2007 ). However preliminary results suggest that such a magnitude likely corresponds to stars of <1.5 M , which at an age of ∼4 Myr would correspond to stars that have still to evolve onto the ZAMS. Utilising the findings of the Chandra Orion Ultradeep Project , in principle we can estimate the underlying population of pre-MS stars required to yield the X-ray bright population we detect. To accomplish this, we first define a statistically meaningful sample of sources that are bright enough to detect at least 90% of the time. For a kT > 1 keV plasma spectrum we require F X > 8.2 × 10 −7 ph cm −2 s −1 , which corresponds to L X > 3 × 10 31 erg s −1 for D = 5 kpc and N H = 2 × 10 22 cm −2 . Using this criterion, we find 45 candidate pre-MS stars within 5 of the cluster core 16 . Preibisch & Feigelson (2005) report that X-ray emission in young low-mass stars decreases with age at least as rapidly as τ −0.3 . Thus, correcting for the greater age of Wd 1 relative to Orion, we find the emission will have declined by a factor of at least 1.5. Therefore, our X-ray bright pre-MS sample within Wd 1 corresponds to the pre-MS stars within Orion with L X > ∼ 5 × 10 31 erg s −1 and M < 1.5 M . Getman et al. (2005) find only 2 of the 1616 pre-MS stars within Orion to potentially satisfy these criteria. Therefore, we conclude that the 45 X-ray bright pre-MS candidates within Wd 1 could form the high luminosity tail of a population of more than 36 000 pre-MS stars.
In principle one can estimate the pre-MS population of Wd 1 via a similar analysis of the subset of time variable objects. Within 5 of the core of Wd 1 there are 19 pre-MS candidates with X-ray fluxes that vary between observations, 10 that exhibit flares within an observation, and 3 that exhibit both. Scaling the results of Favata et al. (2005) for Orion to both the greater distance and extinction to Wd 1, as well as the relative duration of the observations, we expect up to ∼0.1% of the pre-MS stars within Wd 1 to produce detectable flares, yielding an underlying population of ∼32 000 pre-MS stars. We caution that this is likely to be an underestimate, given that we have been forced to assume that the properties of the flares in the 1 Myr-old Orion and 4 Myr-old Wd 1 populations are identical. However, since flaring is a manifestation of the same magnetic activity that yields the quiescent X-ray flux, it is reasonable to suspect that it too will show a time dependent decay in duration, frequency or flux. Therefore, we conclude that we are currently only detecting a very small subset of the total low mass stellar population of Wd 1, and that in combination with near-IR data, deeper X-ray observations will allow a statistically robust investigation of the evolution of magnetic activity in low mass pre-MS stars.
The binary fraction of Wd 1 in context
A synthesis of the datasets described above with the study of Bonanos (2007) suggests the presence of ≥15 OB supergiant and ≥17 WR binaries within Wd 1. Given that the census of OB SGs within Wd 1 is currently incomplete, we refrain from attempting to determine a binary fraction for such stars, but find a value of > ∼ 70% for WRs. Given that this has been inferred from a single epoch of X-ray/IR/radio observations, we suspect the true binary fraction likely approaches unity. Moreover, since such binary signifiers are reliant on the presence of a colliding-wind region, we may also infer the presence of a massive companion for each star. For a somewhat arbitrary B0.5V companion 17 this would result in a binary mass ratio M/M WR ≥ 0.4.
Given the constraints that the binary fraction places on the physics of star formation, much effort has been expended on observational determinations of this parameter, typically via direct imaging and radial velocity surveys. For OB stars, such studies demonstrate that the binary fraction for field stars is lower than for cluster/OB association members (Mason et al. 1998) , with surveys of clusters/OB associations such as NGC 6231 (Garcia & Mermilliod 2001) , Cyg OB2 (Kobulnicky et al. 2006) and Sco OB2 (Kouwenhoven 2006 ) supporting remarkably high binary fractions (≥0.6).
Unfortunately, such studies are subject to uncertainties due to both selection effects, such as a bias towards the identification of short period systems in radial velocity surveys, and also the small sample sizes for massive stars. In the latter respect, the results for the WR population of Wd1 are significant given both the mass of the progenitors (>45 M : Crowther et al. 2006 ) and the sample size (e.g. 4 such stars within Cyg OB2 versus 24 within Wd 1). They also mirror the recent results for the 11 WC stars in the Quintuplet cluster, which appear to have a binary fraction of ∼unity (Tuthill et al. 2006) . Clearly, however, the applicability of these results to the wider population of massive stars requires that the WR stars would have evolved to such a state without the presence of a binary companion -i.e. that we are not introducing a selection effect by sudying this subset of the massive stellar population of these clusters. Tuthill et al. (2006) suggest that the different ratios of WN:WC stars in the Quintuplet and Wd1 may result from binary interaction. Crowther et al. (2006) discuss the effect of binarity on this ratio, and find that current theoretical predictions for both single and binary star evolution provide a poor match to the observed ratio for Wd1. Nevertheless, they are able to show that the masses of the hydrogen deficient WRs within Wd1 are in line with expectations from single field stars and hence show no evidence for significant binary mediated mass loss. Moreover, while such a WR binary fraction in both clusters is higher than that observed for the field populations of the Galaxy (van der Hucht 2000), LMC and SMC (Foellmi 2003a (Foellmi , 2003b it should be noted that the last three studies suffer from incompleteness and/or observational biases introduced by the limited temporal sampling and resolution of radial velocity surveys. Additionally, the finding of a higher binary fraction amongst cluster rather than field WRs mirrors the result of Mason et al. (1998) for galactic OB stars, which has been attributed to binary disruption due to SNe and gravitational interactions.
Thus, we consider Wd 1 and the Quintuplet cluster to provide the strongest case to date for a binary fraction approaching unity for massive stars, with initial mass M ≥ 45 M . As such, these results are of particular interest given the possibility that the binary frequency increases with the mass of primary (e.g. Larson 2001) .
As described by Kobulnicky et al. (2006) , a high binary fraction for massive stars has important consequences for the identity of the progenitor populations and production rates of types Ib/c and II SNe, GRBs, X-ray binaries and binary NS systems. Moreover, if these results may be extended to lower mass stars, the binary mass ratio inferred above would likely present significant difficulties for the production of low mass X-ray binaries via a classical scenario invoking a pre-SN binary with an extreme mass ratio, instead favouring the alternative pathway advanced by which invokes an intermediate, rather than low mass, secondary (Kobulnicky et al. 2006) .
To these topics we may potentially add the production of magnetars via high mass progenitors. Crowther et al. (2006) suggest initial masses for the WN and WC stars in Wd 1 of ∼45−50 and ∼50−55 M respectively, implying a progenitor mass of ≥55 M for the magnetar candidate. Such an estimate also appears consistent with the progenitor mass inferred for SGR 1806-20 from the properties of the host cluster, following a likely downwards revision of the distance, and hence mass of the cluster members (e.g. Figer et al. 2005; Crowther et al. 2006) . Given the reduction in WR mass-loss rates when wind clumping is considered (e.g. Nugis & Lamers 2000) it seems likely that both SGR 1806-20 and CXO J164710.2-455216 formed via close binary evolution in order to arrive at a sufficiently low pre-SN core mass to result in the formation of a NS rather than a BH (e.g. Fryer et al. 2002) . If correct, the reduced mass-loss rate models for the 60 M primary close binary system considered by Fryer et al. (2002; their 1s2-1s4 models) form attractive progenitor templates, assuming binary disruption at SN.
However, we caution that this does not appear to be the sole channel for the formation of magnetars. Specifically, applying the the recent results of Levesque et al. (2005) to the M5 supergiants in the host cluster of SGR 1900+14 (Vrba et al. 1996 (Vrba et al. , 2000 yields upper limits to their bolometric luminosities of log(L/L ) ≤ 5.0 and 4.8, and progenitor masses of ∼15 M (with an uncertainty of a few solar masses due to the effect of rotation; Meynet & Maeder 2003) . Given that it is not expected that stars of such low mass will evolve through a WR phase, these are likely to be the most evolved stars within the cluster. Under the hypothesis that the magnetar formed recently (e.g. Thompson et al. 2000) this implies that the progenitor of SGR 1900+14 was of significantly lower mass than either SGR 1806-20 or CXO J164710.2-455216. Indeed, such a lower limit is consistent with the formation of a neutron star from a single star without recourse to binary mediated mass loss. Therefore, we suggest that magnetars are able to form from stars with a wide range of initial masses and that the constraints on progenitor mass presented above do not require their formation solely via a binary channel.
Accretion onto relativistic objects
The lifetime of very massive stars is expected to asymptotically approach ∼3 Myr, so with an age in the range 4−5 Myr, Wd 1 is likely to have played host to a number of SN already; indeed the presence of the magnetar CXO164710.2-455216 proves that at least one SNe has occurred and relativistic object production has commenced. However, we are currently unable to unambiguously identify any X-ray sources in Wd 1 with accreting relativistic objects.
Stellar mass accretors
Empirically, X-ray luminosities from HMXBs range from ∼10 32 −10 39 erg s −1 , depending on the mode of mass transfer (e.g. Negueruela 2004 33 −10 36 erg s −1 although it seems likely that the lower limit is subject to selection effects. Such bright, persistent systems should be detectable in our data, but appear to be absent.
Several reasons for this observation suggest themselves. While ∼10 2 relativistic objects may have formed within Wd 1, the high binary mass fraction inferred for the WRs (Sect. 6) raises the possibility that a significant percentage of these may have been born in systems with components of ∼comparable mass and hence both stars will have already undergone SN and thus will not be available to form HMXBs at the current epoch. Alternatively, the SN may have resulted in the disruption of the binary or a post-SN configuration yielding low accretion rates and/or a short duty cycle 18 . Indeed, the role of a SN kick in a massive binary is a matter of considerable ongoing debate (e.g. Pfahl et al. 2002) , with recent Monte Carlo simulations by Dray et al. (2005) demonstrating that different kick prescriptions may yield post-SN binary fractions ranging from 0.2%−40.2%, with a large number of surviving binaries having orbital parameters that preclude significant mass accretion onto the relativistic companion. Moreover, van den Heuvel et al. (2000) find a mean tangental velocity of 42 ± 14km s −1 for SG HMXBs imparted by the SN kick. This is above the likely cluster escape velocity for Wd 1 of 15 km s −1 ) and so it is not clear that any putative SG HMXB will remain bound within the cluster.
A final consideration is the post-SN merger of close binaries, due to either an (un?)favourably directed SN kick or the post-MS evolution of the primary leading to the spiral-in of both components and the formation of a Thorne-Zytkow object (TZO). Given that Dray et al. (2005) suggest that ∼1% of SNe kicks may result in the production of TZOs, our above estimate of ∼100 SNe to date and the presence of four highly luminous RSGs within Wd 1, it would be of interest to search these for the abundance anomalies predicted for TZOs (e.g. the 30 Si/ 28 Si ratio) by van Paradijs et al. (1995) .
An intermediate mass Black Hole?
Another potential relativistic accretor within Wd 1 is an IMBH, produced by runaway coalescence of cluster members (Miller & Hamilton 2002 ). The lack of any ultra-luminous X-ray (ULX) sources associated with Wd 1 demonstrates that it does not contain an IMBH in a close binary. For an IMBH in the cluster MGG-11 in M 82, Hopman et al. (2004; priv. comm.) estimate a companion capture event rate of only 0.05 Myr −1 . Thus, if this analysis is applicable to Wd 1 it is perhaps unsurprising that no ULX is observed, given its relative youth. 18 Recently, have identified a subset of transient supergiant HMXBs with extremely short duty cycles. Given observed upper limits to the quiescent X-ray flux of 10 32 −10 33 erg s −1 , such a putative binary may have escaped detection if not undergoing a flare at the time of the observations. Consequently, the close similarity between the Hα variability observed in W30a, and that seen for the SFXTs AX J1841.0-0536 and 1845.0-0433 ) is particularly intriguing.
Alternatively, an IMBH might accrete from the intercluster medium. The largest rate at which we would expect an isolated black hole to accrete is the Bondi value (e.g. Frank et al. 1995) :
s . Assuming that the matter emits half of its energy until it reaches the innermost stable orbit, 6GM/c 2 , the X-ray luminosity will be at most
where M is the mass of the black hole, ρ and n are the mass and number density, c s is the sound speed of the diffuse plasma. Based on the temperature of the diffuse X-ray emission, we estimate that the typical sound speed in the cluster is c s = 900(kT/3 keV) 1/2 km s −1 . Therefore, an intermediate mass black hole would only be detectable above our flux limit of ∼10 32 erg s −1 if it were particularly massive (M > ∼ 2000 M ), or if it were accreting from cool, dense material (e.g., n ∼ 1000 cm −3 , or kT ∼ 60 eV). Moreover, Sgr A * is the best-studied black hole accreting from its surrounding ISM, and only emits X-rays with a luminosity ∼10 −7 times that expected based on the Bondi accretion rate (Baganoff et al. 2003 ). This would result in an X-ray flux orders of magnitude below our detection threshold.
Similarly, the X-ray luminosity and radio flux density are expected to be related by (Maccarone 2004) :
µJy. (4) Current radio observations can only place limits of ≈300 µJy at 5 GHz (Dougherty et al. 2007) , and so in the absence of a stellar mass donor, any putative IMBH within Wd 1 is likely to be currently undetectable.
Concluding remarks
A deep 18+42ks Chandra observation has revealed a large population of X-ray point sources associated with the Young Massive Cluster Wd 1. We find an excess of sources with respect to background number counts out to ∼2 from the nominal core of Wd 1, or ∼3 pc at a distance of 5 kpc. While larger than the value quoted by Clark et al. (2005) , such a radius is consistent with IR spectroscopic and photometric studies of the cluster which reveal the presence of both high and low mass cluster members at comparable radii.
Within a 5 × 5 field centred on Wd 1 we find that 46 X-ray sources are coincident with confirmed high mass cluster members. We report X-ray emission from WN and WC Wolf Rayets, hot transitional stars and OB supergiants earlier than ∼B0.5Ia, including the first detection of emission from WC9d stars. Based on the X-ray fluxes and spectral hardness ratios, we suspect that a significant fraction of these sources are binaries, and most likely CWBs, although the properties of a number of the OB supergiants do not exclude the possibility of emission from single stars. Further observations are anticipated in order to elucidate the nature of these systems.
Of the transitional stars, despite the formal confirmation of a sgB[e] classification and its association with a hard, luminous X-ray source, the physical nature of W9 is still unclear, although we strongly suspect it to be a binary. However the nature of the putative companion is still illusive; a synthesis of radio/IR/optical and X-ray data suggesting similarities with both the HMXB SS 433 and the LBV η Carinae. Where detected, we conclude that the X-ray emission from the closely interrelated WNVL and BIa + stars is due to binarity and that isolated stars of this type are likely to be intrinsically weak X-ray emitters.
No unambiguous detections of cool transitional stars were made. We attribute this to a lack of shocked material in their (slow?) winds and the probable absence of the hot, X-ray bright coronae/chromospheres that characterise lower luminosity stars of similar spectral type. Moreover, their dense winds, as inferred from radio observations, would likely be highly efficient at absorbing any X-ray emission even if a high temperature chromosphere were present.
We associate the remaining ∼60 X-ray sources with a population of objects with Ks > 16 mag, which we suggest are pre-MS stars with M ≤ 1.5 M . By comparison to the X-ray properties of the low mass stars within Orion we infer the presence of a substantial population of pre-MS stars within Wd 1. Deeper observations will provide significant constraints on the evolution of both quiescent and flaring X-ray emission from pre-MS stars, and hence magnetic activity, with time.
At an age of ∼4−5 Myr, we expect ∼10 2 SNe to have occurred within Wd 1. However, no X-ray sources have been unambiguously associated with accretion onto relativistic objects. We attribute the apparent lack of luminous HMXBs (>10 33 erg s −1 ) to a combination of binary disruption at SNe, low accretion rates and/or a short duty cycle, large SNe kick velocities that efficiently eject such systems from the cluster (cf. Kaaret et al. 2004) , and the loss of both components to SNe (suggested by the high binary mass ratio inferred for the WRs). Trivially, HMXBs accreting at a low rate would be indistinguishable from the CWBs based on our current dataset, and thus we cannot exclude the presence of such a putative population, although we may conclude that wind-fed HMXBs contribute little to cluster emissivity.
Similarly, the presence of an Intermediate Mass Black Hole cannot be excluded by our current observations. If one has formed in the last 1−2 Myr it is unlikely to have captured a stellar mass donor yet, and neither our radio nor X-ray observations are sensitive enough to detect emission from such an object if it is accreting from the hot intercluster medium.
The only X-ray bright relativistic object known within Wd 1 is the magnetar CXOU 164710.2-455216. We infer a comparable progenitor mass to that of SGR1806-20 (∼55 M ) and suggest that that both objects likely formed via close binary evolution. In contrast we find that the progenitor of SGR1900+14 was likely to have been significantly less massive (∼15 M ). We hypothesise that magnetars may arise from stars with a wide range of initial masses and hence potentially via both single star and binary pathways. Given the high binary fraction found for the WR population of Wd 1, we predict that YMCs may serve as productive birthsites for magnetars, and that due to their prompt emission, they might contribute significantly to the integrated X-ray luminosity of YMCs.
Globally, our results support the assertion of Oskinova (2005a) that the point source emission from YMCs decreases rapidly and monotonically with age, subject to possible contributions from magnetars after 3 Myr and classical Be/X-ray binaries from ∼10 Myr. van den Heuvel (2000) show Be/X-ray binaries to have a mean runaway velocity comparable to the escape velocity of Wd 1, and hence may be retained within the cluster.
Lastly, we highlight that both the high binary fraction ( > ∼ 70%) and mass ratio (M/M WR ≥ 0.4) inferred for the WRs within Wd 1. In conjunction with similar results for the WC stars within the Quintuplet cluster, they place the most stringent constraints on the binary properties of massive (≥45 M ) stars to date. While we caution that they may not be directly applicable to stars forming in less extreme environments such as loose OB associations, they are of interest for a wide range of astrophysical topics such as massive star (and star cluster) formation, the production rates of type Ib/c and type II SNe, GRBs, high and low mass X-ray binaries, magnetars and binary NS systems. In particular, if replicated for lower mass stars they would appear to heavily favour production of LMXBs via the intermediate mass channel of Podsialowski et al. (2002) . Clearly, an accurate determination of the binary population of Wd 1 and their orbital properties is of great interest and consequently we are currently undertaking a combined photometric and spectroscopic investigation to elucidate these parameters. Table 1 . Catalogue of the properties of the 241 X-ray point sources detected in the 2 epochs of observations. Column 1 provides the X-ray identifier, Cols. 2 and 3 the Right Ascension and Declination of the source and Cols. 4 and 5 the angular offset from the aim point of the observations and the positional uncertainty. Columns 6−9 list the detector live time, net counts, hardness ratio (as defined in Sect. 2.4) and X-ray flux respectively, for each source. Column 10 indicates source variability, if present, on short or long timescales (as described in Sect. 2.3). Finally, Col. 11 indicates whether an X-ray source has an optical or near-IR counterpart. The source catalogues utilised are 1: Clark et al. (2005) , 2: Piatti et al. (1998) , 3: the 2MASS catalogue (Cutri et al. 2003) and 4: the USNO-B1.0 survey (Monet et al. 2003) . Designations for optical or near-IR counterparts for sources within the 5 × 5 field centred on Wd1 are presented in Table 3 companions lie in the 4000−5000 Å region which is inaccessible due to high interstellar reddening and so we may not offer more than a generic WR+luminous OB companion classification for potential WR binary systems (Sect. 4.1). We see no spectroscopic evidence for any WR+WR binaries.
A.2. Transitional late Wolf-Rayet stars and B super/hypergiants
In Fig. A.1 we present the R band spectra of W44 (=WR L; WN9h) and W5 (=WR S; formally WN10-11h or BIa + ) and W13 to demonstrate the close continuity in physical properties between the three stars. All show strong Hα emission, which decreases in strength from W44 through W5 to W13, a trend also seen in the He i lines, while C ii is observed in emission in W5 but is in absorption for W13. Consequently, we suggest that W13 has a weaker wind than W44 or W5 and propose an early BIa + classification to be most appropriate. No spectroscopic evidence for binarity is seen for any of these three objects.
On the basis of its high luminosity, rich emission spectrum and IR excess, W9 has previously been classified as a post-MS (supergiant) sgB[e] star, albeit with the anomalous presence of [O iv] emission in an ISO spectrum of the source (Clark et al. 1998 ). Formally, Lamers et al. (1998) [e] classification; however prior data were of insufficient S/N and spectral range to verify their presence. Our new high S/N spectra allow us to identify these features for the first time (Fig. A.2) . Emission from a large number of additional species Zickgraf et al. (2003) attributing the different line profiles to an anisotropic wind with a dense, slow equatorial outflow and a higher velocity polar wind. However close examination of the He i 5876 and 6678 Å (Fig. A. 2) profiles reveals a narrow emission core superimposed on a broad emission plinth extending to large projected velocities (∼−600/+500 km s −1 and ∼−800/+900 km s −1 respectively), implying a high velocity outflow. Such profiles are unknown for any other B[e] star (Zickgraf 2003) , and, to the best of our knowledge for any other massive mass losing star, with the possible exception of the composite nebular+stellar spectra of η Carinae (cf. the He i 7065 Å profile presented in Smith et al. 2003) .
A.3. The OB supergiants
In total >70 O9-B4Ia/b supergiants have been spectroscopically identified within Wd 1 (Clark et al. 2005, Negueruela et al. in prep.) . Due to the high interstellar reddening towards Wd 1, traditional blue end classification criteria for OB supergiants are unavailable to us and hence we are forced to rely on R and I band observations. A full description of this process will be presented in Negueruela et al. (in prep.) ; here we limit ourselves to presenting the new high resolution and S/N R band spectra of 10 X-ray bright OB supergiants (Fig. A.3) . The spectrum of W40a may Fig. A.3 . R band spectra of 10 candidate O9-B0 Ia supergiants with associated X-ray emission.
be found in Clark et al. 2005) , while the low S/N NTT/EMMI spectra of W25 and W27, while discussed below are omitted for brevity and will be presented in Negueruela et al. (in prep.) .
In spite of the scarcity of features in the R band spectra of OB stars, several can be used for classification purposes (an I band classification scheme is given in Appendix A of Clark et al. 2005) . Unfortunately, most of these are sensitive to both spectral type and luminosity, but by using several of them at the same time, we can generally narrow the spectral range for a given star down to half a spectral type. Of these criteria we employ: the shape and strength of Hα (P Cygni emission), the C ii 6578,6582 Å (in absorption) and C ii 7231, 7236 Å (in emission) doublets, the O i 7774 Å triplet (in absorption) and the N ii 6482 Å (absorption) line.
Seven of the ten OB stars demonstrate remarkably similar spectra, characterised by (i) Hα and He i 6678 and 7065 Å in absorption, (ii) a lack of photospheric C ii 6578 and 6582 Å and O i 7774 Å absorption and (iii) no Si iv 6669 and 6701 Å emission. The latter observation constrains the spectral types to ∼O9I or latter, while the lack of photospheric C ii (O i) absorption restricts it to ∼B0I (B0.5I) or earlier. The Hα and He i absorption features are also consistent with such an interpretation; W62a and C07-X3, for which the photospheric Hα profile is stronger than the He i transitions, are likely of a lower luminosity, which results in less wind emission. Thus we classify these stars in the range O9-9.5Ia, with the two aforementioned stars possibly of luminosity class Iab or Ib.
The presence of strong, broad Hα emission profiles is suggestive, but not conclusive of a binary nature for W6, 10 and 30a. Excess Hα emission is seen in binaries composed of both OB+OB (Thaller 1997) and OB+compact object binaries ); hence we are unable to determine the nature of the companions to W6 & W30a from these data alone. However, the presence of broad, double "troughed"
He i 6678 and 7065 Å profiles in W10 clearly indicates a luminous OB companion. Rapid night to night variability is observed in the Hα profile of W30a (Fig. A.4) -again a strong indicator of binarity (e.g. . Unfortunately, the presence of the emission contaminates both the intrinsic Hα and C ii 6578 and 6582 Å profiles and so we are forced to limit ourselves to an O9-B0.5Ia classification for these systems. Finally, spectral classification of W25 and W27 is complicated by the low S/N of the spectra. Based on the above criteria , both stars appear to be OB supergiants, with the presence of strong, possibly variable Hα emission hinting at binarity for W27.
A.3.1. Classification from photometric data
Unfortunately, a large number of optical counterparts lack spectroscopy and so we are forced to rely on photometric classification calibrated by the optical spectroscopy of Negueruela et al. (in prep.) . In the main panel of Fig. A .5 we present a colour magnitude plot for the cluster members, indicating both those stars for which spectral classifications exist, as well as those which have an X-ray detection. Clark et al. 2005) . Stars associated with X-ray sources are circled. Filled symbols correspond to those stars with spectral classifications: red -RSGs, yellow -YHGs, blue -BSGs and magenta -the WNLs & WNL/BIa + hybrid (circles), WNs (squares) and WCs (diamonds). The effect of differential reddening across the cluster is indicated by the vector. Panel b): plot of I band magnitude versus spectral type for OB supergiants with spectral classifications. We caution that not all the stars for which spectra are available are present due to blending (supergiants and hypergiants) or faintness (WRs).
For stars of 35−40 M post-MS evolutionary tracks traverse the HR diagram at ∼constant luminosity, while bolometric corrections decrease from −2.97 to −1.83 for O9-B1.5 Ia stars respectively; hence at optical wavelengths one would expect stars with later spectral types to be systematically brighter than those with earlier spectral types. Comparison of the I band magnitudes of the complete sample of stars with spectral classifications suggests that this is indeed the case (Fig. A.5, panel b) 20 . 20 We note that there is a significant scatter in magnitudes for stars of apparently identical spectral type. Differential reddening likely causes a ∼0.6 mag dispersion in the I band, but clearly cannot account for the full range of magnitudes. Other effects which may contribute are: (i) unresolved binarity (ii) uncertainties in the spectral classification and hence bolometic correction and (iii) a genuine scatter in the intrinsic magnitudes of stars of the same spectral type, possibly due to variations in rotational velocity (e.g. Meynet & Maeder 2003) ; a full account of these effects is beyond the scope of this paper.
Excluding the sgB[e] star W9 (I ∼ 11.7) the BIa + star W13 (I ∼ 12.1) and the WR stars, the remainder of the optical counterparts to X-ray sources are found within a narrow range of I band magnitudes, with none brighter than I = 12.5. We therefore classify these stars as B0.5Ia-O9Ia -the latter being the earliest spectral type observed for SGs within Wd 1 -consistent with the results of our spectroscopy.
